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Abstract
This article analyzes the thermal properties of polymer composites reinforced with fillers of

different electrical conductivity. Since polymers generally have low thermal conductivity, their
application in high-temperature processes is limited. Therefore, the possibilities of improving
thermal conductivity, thermal stability, and the coefficient of thermal expansion by introducing
various fillers (metallic, carbon-based, and dielectric materials) are considered. Metallic and
carbon-based fillers enhance both the thermal and electrical conductivity of composites, while
dielectric fillers effectively dissipate heat and simultaneously provide electrical insulation.
Moreover, the mechanisms of heat transfer, such as phonon and electron transport and
interfacial resistance, are explained. Finally, the article highlights the potential applications of
such composites in electronics, energy, automotive, and aerospace industries.

Keywords: Polymer composites, thermal properties, electrical conductivity, fillers, metallic
particles, carbon-based materials, dielectric fillers, phonon transport, interfacial resistance,
thermal stability, thermal conductivity, energy, electronics, aerospace industry.

Introduction

In recent years, the rapid development of modern technology and electronics has led to
increasing demands on materials. Polymer-based composites stand out for their light weight,
low cost, chemical stability, and technological convenience. However, the natural thermal
conductivity of polymers is usually very low (0.1-0.5 W/m-K), which limits their application
in areas requiring high temperatures and heat exchange processes. Therefore, improving the
thermal properties of polymers by introducing fillers with different electrical conductivities has
become widely adopted.

RESEARCH AIM AND OBJECTIVES

Aim: To systematically study the thermal properties of polymer composites (thermal
conductivity, thermal stability, coefficient of thermal expansion — CTE, and heat capacity)
under the influence of fillers with different electrical conductivities (metallic, carbon-based,
and dielectric), and to determine optimal composite formulations.
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Objectives:
1. Select and prepare the polymer matrix and three types of fillers for the composites.
2. Prepare samples using different approaches (loading, morphology, and surface

i

modification).

3. Measure thermal conductivity and other thermal parameters.

4. Determine the microstructure and interfacial characteristics (SEM, TEM, XRD, etc.).

5. Measure electrical properties (I-V characteristics, conductivity) and analyze the
relationship between thermal and electrical properties.

6. Summarize the results through statistical analysis and modeling, and develop
recommendations.

Materials and Sample Preparation

Materials

e Polymer matrix (e.g., epoxy, polypropylene, or polyamide — selected depending on the
research objective).

« Fillers:

 Metallic particles (copper, aluminum, or silver micro-/nanoparticles).

 Carbon-based materials (graphene, graphite, or multi-walled carbon nanotubes — MWCNT).
e Dielectric fillers (boron nitride — hBN, Al2Os, or SiOz).

« Surface modifiers: silane coupling agents or surfactants (if necessary).

« Solvents, catalysts, and curing agents for the matrix (in the case of epoxy systems).

Formulations and Loadings

. Several loading levels for each type of filler: 0 wt% (control), 1-5 wt%, 10 wt%, 20
wt%, 30 wt% (or by volume fraction as well); if percolation is observed, a more detailed study
of the range (e.g., 0-5—-10-15-20%) is recommended.

. For hypermetals or nanoparticles, it is advisable to start with low concentrations and
adjust dispersion methods.

Sample Preparation Methods

. Mixing and dispersion: Disperse fillers uniformly into the polymer using
ultrasonication, oxidation, or cooling techniques.

. Surface modification: Treat filler particles with silane or other agents to improve
adhesion with the polymer.

. Curing/molding: Prepare composites by casting, molding, or extrusion. Sample shapes
must conform to standard testing formats (plaques, bars, etc., following ASTM/ISO
requirements for test-specific dimensions).

. Drying and thermal treatment: Necessary to ensure complete curing and reduce
internal stresses.
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Thermal Properties of Polymer Composites

The thermal performance of polymer composites is assessed using several key parameters:

o Thermal conductivity (A): the ability of a material to transfer heat.

o Thermal stability: the ability to maintain shape and properties at elevated temperatures.

o Coefficient of thermal expansion (CTE): the volumetric change of a material under
temperature variation.

o Heat capacity: the amount of heat required to change the material’s temperature.

The electrical conductivity of fillers affects these properties in different ways.

Electrical Properties of Fillers and Their Effects

1. Metallic particles (highly conductive)

o Metallic fillers such as copper, aluminum, and silver significantly enhance both thermal and
electrical conductivity.

o Electrons actively participate in heat transfer.

o Such composites are widely used in heat-dissipating coatings and electronic devices.

2. Carbon-based fillers (moderate or tunable conductivity)

o Graphite, graphene, and carbon nanotubes (CNTs) are among the most effective fillers for
improving thermal conductivity.

o Their electrical conductivity can vary and be adjusted, allowing their use in both dielectric
and conductive composites.

o They sharply increase thermal conductivity while keeping the material lightweight.

3. Dielectric fillers (non-conductive)

o Materials such as aluminum oxide (Al20s), silicon dioxide (Si0O2), and boron nitride (BN)
conduct heat well but do not conduct electricity.

o These fillers are important in high-frequency electronics and insulating materials.

o In electronic devices, they dissipate heat while ensuring electrical safety.

Mechanisms of Thermal Property Modification

1. Phonon transport: In polymer matrices, heat transfer occurs mainly through phonons.
Fillers reduce phonon scattering and enhance heat flow.

2. Electron transport: In metallic and carbon-based fillers, electrons also act as heat carriers.
3. Interfacial resistance: Strong bonding between the polymer and filler improves heat
transfer; surface modification can further enhance this process.

Expected Results and Interpretation

e Metallic and carbon fillers are expected to improve thermal conductivity, while dielectric
fillers may enhance thermal transfer while maintaining electrical insulation.

o Depending on dispersion and interfacial quality, a percolation effect in thermal conductivity
may occur.
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o Thermal stability and CTE values may increase or decrease depending on the type of filler
— these must be confirmed using TGA/DSC and dilatometry.

i

Work Plan (proposed, adaptable)

1. 1-2 weeks: Literature review, acquisition of materials, and laboratory setup.

2. 2—4 weeks: Surface treatment of fillers and small-scale tests with polymers.

3. 4-8 weeks: Preparation of main sample sets (different loadings) and visual/microscopic
analysis.

4. 2—4 weeks: Conducting thermal and electrical measurements (LFA, TPS, TGA, DSC,
DMA).

5. 2-3 weeks: Data analysis, modeling, and report writing.

Limitations and Recommendations

e When working with nanoparticles, dispersion challenges and agglomeration may
significantly affect results — surface modification should be given special attention.

o If resources are limited, first determine the most promising filler and concentration, then
proceed to the extended program.

o To compare experimental results with other studies, it is recommended to use methodologies
consistent with ASTM/ISO standards.

Applications

o Electronics and microchips: efficient heat dissipation and insulation.

e Automotive industry: thermal management in engines and batteries.

o Aerospace industry: lightweight, dimensionally stable, and heat-resistant structures.

o Energy sector: heat dissipation in solar panels, wind turbines, and high-power batteries.

CONCLUSION

Polymer composites reinforced with fillers of different electrical conductivities hold great
potential in the field of thermal management. Metallic and carbon-based fillers enhance both
thermal and electrical conductivity, while dielectric fillers provide efficient heat transfer along
with electrical insulation. Therefore, such composites are considered promising materials for
modern electronics, energy, and high-tech industries.

REFERENCES

1. Ashby, M. F., & Jones, D. R. H. (2012). Engineering Materials 2: An Introduction to
Microstructures, Processing and Design. Elsevier.

2. Paul, D. R., & Robeson, L. M. (2008). Polymer nanotechnology: Nanocomposites. Polymer,
49(15), 3187-3204.

3. Yu, W, Xie, H., Chen, L., & Li, Y. (2010). Enhancement of thermal conductivity of epoxy
composites using a hybrid multi-walled carbon nanotube/micro-SiC filler. Carbon, 48(15),
4535-4541.

e
O
—
qo!
)
wn
@

oc
e
—
qo!

£

!
O

82

O

==
)

=

(T
O

=
-
(-
-
@)

S
0
(-

L
O

e
o

0p

®)
-
©
7p)
=

2
)
-

Q
@)

0p

Uy—
@)

O

=

48 |Page

&) webofjournals.com/index.php/12




Volume 3, Issue 9, September - 2025 ISSN (E): 2938-3811

Ee )
tr
N

"
fw

I

4. Huang, X., Jiang, P., & Tanaka, T. (2011). A review of dielectric polymer composites with
high thermal conductivity. IEEE Electrical Insulation Magazine, 27(4), 8-16.
5. Kim, H. S., Kim, J. H., & Kim, W. N. (2015). Thermal conductivity of polymer composites
with the geometrical characteristics of carbon fillers. Journal of Applied Polymer Science,
132(11), 41665.

6. Tjong, S. C. (2006). Structural and Mechanical Properties of Polymer Nanocomposites.
Springer.

7. Zhi, C., Bando, Y., Tang, C., & Golberg, D. (2010). Boron nitride nanotubes. Materials
Science and Engineering: R: Reports, 70(3-6), 92—-111.

8. Shtein, M., Nadiv, R., Buzaglo, M., & Regev, O. (2015). Graphene-based hybrid composites
for efficient thermal management of electronic devices. ACS Applied Materials & Interfaces,
7(42), 23725-23730.

9. Ministry of Innovative Development of the Republic of Uzbekistan. (2022). Polymer
composite materials and their industrial applications (scientific research reports). Tashkent.
10. Rasulov, I. A., & Karimov, B. (2021). Methods of improving the thermal properties of
polymer composites. Uzbekistan Journal of Chemistry, 2(4), 55-63.

i

Web of Scientists and Scholars: Journal of Multidisciplinary Research

&) webofjournals.com/index.php/12




